Abstract. The authors have previously proposed steel beam-column connections for precast concrete frames. The steelconcrete composite frames combined the advantages of the fast assembly of steel and the low cost of concrete structures. However, when not enough space is available at column-beam joints, steel sections from beams cannot be connected with column brackets. To address this issue, this paper explores the strategy of disconnecting some vertical reinforcing bars at the joints by connecting vertical steel reinforcements to steel plates placed above and below column steels, to provide a load transfer path. Loads from re-bars are transferred to steel plates, column steels, and back to steel plates and re-bars below the column steels. This strategy provided space for beam-column joints of composite frames. Extensive experiments were performed to verify load transfer from re-bars to steel plates above joints and from the steel plates to re-bars below the joint. The flexural load-bearing capacity of a column with a total of 24 vertical re-bars was compared to that of columns with discontinuous re-bars at the joints; the number of discontinuous re-bars at the joint used in the column specimens tested was 0 (0.0%), 4 (16.7%), 12 (50.0%), and 20 (83.3%).
Introduction
Due to their high ductility and energy dissipation, composite structures are currently widely adopted in highrise buildings as lateral-force-resisting systems. In order to understand their behaviour in typical applications and their benefits over pure steel or concrete systems, extensive and careful research needs to be conducted regarding the behaviour of composite beam-column joints. This paper introduces a new beam-column joint connection in which some vertical reinforcing bars are disconnected at joints by connecting vertical steel reinforcements to steel plates placed above and below column steels to provide a load transfer path. In cases where there are conflicting structural details between vertical column re-bars and column brackets during the construction of steelconcrete composite frames, spaces are provided to place these structural components where they should be. This conflict, illustrated in Figure 1 , can be resolved by disconnecting vertical re-bars, with the trade-off of some reductions in moment resistance. However, this reduction in strength can be minimized or counterbalanced by introducing high-strength steel plate at the joints. In the present work, new beam-column joint connections for steel-concrete composite frames were designed, with structural details based on extensive experimental and analytical investigations.
The main studies related to composite structures have had the aim of understanding the behaviors of beamcolumn joints subjected to various types of loads. Liew et al. (2000) conducted research on six full-scale composite column joints; in their experiment, the steelwork connection consisted of a flush end-plate welded to the beam end. They suggested a simple spring model for the slab combined with a simple spring model for the steel joint, and showed that this combined model predicted the moment capacity of composite joints well, although it seemed to over predict rotational stiffness. Similarly, four full-scale flush end-plate semi-rigid beam-column joints were fabricated and tested by Ataei et al. (2015) . Recently, Hu et al. (2014) analytically investigated prefabricated steel beam-column connections under cyclic loading to further investigate their seismic performance. There have also been reports dealing with the seismic performance of beam-column joints (Zhang et al. 2012; Kumar, Smitha 2013; Qin et al. 2014a; Liew et al. 2004) . Although beam-column connections are designed to fully transfer moment through the interconnected members, This article has been corrected since first published. Please see the statement of correct some of them behave semi-rigidly. Some studies (Simões da Silva et al. 2001; Fang et al. 1999 ) have been conducted with the aim of improving the structural performance of joint connections in composite steel-concrete composite structures. Bjorhovde et al. (1990) developed a scheme whereby connections can be classified in terms of strength, stiffness, and ductility, using tests and theoretical data; they presented a new arrangement of connection types to fit into an existing database. In addition, theoretical design equations and design guidelines have also been proposed (Qin et al. 2014b (Qin et al. , 2014c Sheikh et al. 1989; Deierlein et al. 1989) , including demonstrations that the proposed theoretical equations provide good correlations between predicted and experimentally measured strength. Hajjar (2002) summarized recent research on a number of composite lateral-force-resisting structures including braced and unbraced frames. Later, Salvatore et al. (2005) conducted parametric analyses focusing on the influence of a composite slab's strength upon joint performance. Kataoka and El Debs (2014) conducted another parametric study of composite beam-column connections using 3D finite element modelling; their parametric analysis of beam-column joints for composite structures included investigations of bolt diameter, stud spacing, and slab reinforcement ratio. Limited number of studies has been carried out over past years to assess the effect of composite joints on the behaviour of building frames. It is clear that the process of establishing a standardized joint design for steel-concrete frames has been slowed because of a large number of parameters affecting their behaviour. Importantly, steel-concrete joints introduced in previous studies require fire proofs for steel members since steel beams are not encased by concrete. The novel beam-column joint proposed in this study, provides not only an advantage of constructability and assembly time of steel frame but also it doesn't require fireproofs for steel sections since steel members are encased by concrete. Steel joint for the precast column-beam connection was rarely adapted to provide moment connections until it was suggested in this study. Concrete must be cast to provide moment connection for the conventional precast column-beam joints. It is noted that the delayed construction schedule compared with the steel joint introduced in this study is inevitable.
Problem statement
Composite beams which were used for similar practice in Europe and U.S.A. were shown in Figure 2 . In these applications, floor slabs were installed on the bottom flange of beams to reduce beam depth, however, requiring fire proofs for steel members since steel beams were not encased by concrete. The column-beam connections in these frames were mainly based on steel joint, differing from the one suggested in this study.
In this paper, the use of composite frames with steel beams at the end illustrated in Figure 2 was suggested to contribute to the adaption of the constructability of steel works, eliminating fire proofs. The joint of precast concrete columns and beams were assembled by steel members, offering efficient structural strength based on steel-concrete composite actions to resist moment at both ends while providing joint connections with column steels to introduce an advantage of similar constructability and assembly time of steel frame for precast concrete frame. The interaction between the two materials with integrating pre-cast concrete with steel components presents advantages in terms of reduced structural steel tonnage, shortened construction schedules, and eliminated fire proofs. The precast composite beam has also shown the outstanding structural efficiencies to reduce beam depth as published in the previous works of authors (Hong et al. 2008a (Hong et al. , 2008b (Hong et al. , 2015 .
Method of experimental investigation
Figure 3(a) illustrates a test specimen including 4 continuous vertical reinforcing bars and 20 vertical re-bars that were cut off by connecting them to steel plates by means of bolts, above and below the column steel. Specimens were designed to verify the load path along vertical re-bars. The steel plates above the column steel picked up loads from the re-bars ( Fig. 3(b) ). The loads moved down to the steel plate through the column steel and further down to the lower steel plate. Finally, column loads were picked up by the vertical re-bars again.
The load capacity lost during the path was measured experimentally, and these measurements were used to develop recommendations for joint connection design. The flexural load-bearing capacity of a control column with a total of 24 vertical re-bars was compared to that of columns in which there were 4 (16.7%), 12 (50.0%), and 20 (83.3%) discontinuous re-bars. Figure 4(a) shows the test setup for the specimens with details for vertical reinforcing bars bolted to plates. The distance from the base to the centre of loading was set as 1.5 m. The test was loaded by the displacement control method with the loading protocol illustrated in Figure 4 (b). A 1000 kN actuator with a stroke of 300 mm was used to exert cyclic loading onto the specimens. LVDTs were installed vertically and horizontally as shown in Figure 4 (a) to accurately measure deformation in the specimens. Figure 5 shows the strain gauges 
Specimen manufacture
Specimens were made of foundations 1500 mm × 1500 mm wide and 500 mm tall, and columns 1800 mm long that were reinforced with 24 re-bars of diameter 22 mm (Fig. 7) . The yield strength of re-bars was 500 MPa. The 500 mm × 500 mm columns were supported by foundations with steel sections installed at the joint, as depicted in the figure. The steel sections were 200 mm (B) × 200 mm (H) × 8 mm (tw) × 12 mm (tf) and had the yield strength of 325 MPa. The concrete used had the design strength of 27 MPa; the actual strength was observed to increase to the compressive strength of 28 MPa at 28 days. Figure 8 demonstrates the prefabrication of experimental specimens, including cage assemblies for re-bars and steel sections and concrete cast followed by Fabrication of the foundation. Figure 8(d) shows specimens prepared to be loaded, including the test setup for actuators and the data acquisition system with gauges. Fig. 3(a) . Test column specimen with discontinuous re-bars (Specimen #4; 20 re-bars cut off) 
Preparation of test specimens
Figure 9 illustrates four specimens tested to verify load transfer from re-bars to steel plates above the joints and from the steel plates to re-bars below the joints. The flexural load-bearing capacity of a column with 24 vertical re-bars was compared to that of columns with discontinuous re-bars at joints. The number of discontinuous rebars at joints used in the column specimens was 0 (0.0%, Specimen #1), 4 (16.7%, Specimen #2), 12 (50.0%, Specimen #3), and 20 (83.3%, Specimen #4), as depicted in Figure 9 . Table 1 lists the material properties of the specimens
Experimental investigation
Figures 10, 11, 12 and 13 demonstrate the hysteretic load-displacement relationships of Specimens #1, #2, #3, and #4, respectively. The displacements were related with strains by means of gauge readings plotted on the load-displacement curves. These displacements were also related to the analytical data calculated based on strain compatibility, as shown in Figure 13 . The comparison between analytical and experimental load-displacement relationship in Figure 13 indicated that the discontinuous 20 re-bars contributed to the moment-resisting capacity. Each specimen demonstrated good ductility and showed a well-established load path. Table 2 presents the measured maximum load resisting capacity of each specimen; as shown in the table, the maximum load resisting capacity decreased as the number of discontinuous reinforcing bars at the joint was increased. Specimen #1, the control specimen with no rebar discontinuities, was compared with the other three specimens to observe their reduction of moment resisting capacity. Moment resisting capacity was reduced by 6% for Specimen #2 with 4 rebar discontinuities, and was reduced by 54.1% for Specimen #4, which lost 20 re-bars at the column joint.
Analytical results

Analytical investigations indicated by blue dots in Fig-
ures 10 through 13 were the flexural load resisting capacity of the specimens with only the remaining re-bars, without considering loads transferred through the two plates above and below the steel section and the steel section at the joint. Figures 10 through 13 , which com- pare these analytical investigations with experimental data at the maximum load limit state, elucidate the net flexural load resisting capacity of the specimens which were vertically transferred through the upper plate, the steel section at the joint, and the lower plate. The loadstrain relationships of re-bar gauges were converted to a displacement scale by comparing load-strain relationships to the LVDT data which was measured in terms of displacement. Load-displacement relationships of re-bar gauges were found similar to the load-displacement relationships of LVDTs, as shown in Figures 10 through 13 , allowing comparison between strains and displacements. It was possible, then, to compare the analytical data from strain compatibility analysis obtained in terms of strains to LVDT displacement data. Eqn (1) was derived based on strain compatibility to calculate the neutral axis and 
Fig. 14. Influence of discontinued re-bars on the transfer of stresses Regarding displacement, Figures 13(a) and 13(b) compare the load-displacement curve of Specimen #4 obtained during the test to analytical data from strain compatibility analysis based on unconfined and confined constitutive relationships of concrete.
Results and comparison of four specimens
The differences were interpreted to arise from the net flexural load resisting capacity of the specimens which were vertically transferred through plates and the steel section at the joints with discontinuous re-bars at joints.
The capacity drop for Specimen #3, with 50% rebar discontinuities, was found to be only 13.7% relative to the control specimen, indicating that load transfer was relatively well established between the upper rebar, upper plate, steel section at the joint, lower plate, and lower rebar, as shown Figure 3(b) . Table 2 lists loadings for each specimen at the maximum load limit state and at the end of testing. The red and blue columns in Figure 14 represent the experimental and analytical flexural capacity (Mn) of the specimens at maximum load limit state, respectively. The discontinued re-bars were omitted in the analytical calculation. The red line with square marks represents the tensile strain of the steel flange at the maximum load limit state. In Figures 15(a) and (b) , the blue and purple lines with x marks depict the tensile strain of continuous and discontinuous re-bars at the maximum load limit state, respectively. Specimens 2, 3, and 4 showed that the strains in the re-bars and steel flange decreased as more re-bars were cut, as shown in Figures 16(a) and (b) . Shortened Discontinued re-bars decreased the flexural capacity of the specimens at the maximum load limit state by reducing the strains in steel section and all of the re-bars.
However, strain increased in the steel plate as more re-bars were cut, as shown in Specimens 2, 3, and 4, because some of the stress from the discontinued re-bars was transmitted to the steel column through the plate, exhibiting that some portion of the stress from the discontinued re-bars was transferred through the nuts to the steel plate, steel section, plate below and finally to the rebars below, indicating that not all the stress was resolved. Figure 14 also shows that the experimental values were greater than the analytical calculations in which the stress of discontinued re-bars was neglected, except Specimen 1 where no re-bars were cut. Figures 15 and 16 demonstrate the load-strain relationships of continuous and discontinuous re-bars, respectively, where strain decreased when re-bars were cut. Figure 17 illustrates the load-strain relationships of a steel plate on which the cut re-bars were bolted with nuts. It is noted that the strains in the steel plate increased as re-bars were cut, demonstrated in Specimens 2, 3, and 4. Table 3 summarizes the strains of the selected structural elements of all specimens at the maximum load limit state. Figure 18 illustrates the degradation in flexural moment resisting capacity of columns as rebar discontinuities increased; Table 4 lists the reductions in capacity for each specimen. Figure 19 shows the degrees of deterioration of each specimen, which differed depending on which structural components were damaged. The concrete was most severely damaged in Specimen #1 whereas Specimen #4 showed the least damage on the face of the concrete. As seen in the figure, the concrete deteriorated more as fewer re-bars were discontinued; the least concrete deterioration occurred in Specimen #4 because most structural damage was concentrated on the rebars with bolt connections, preventing the concrete from suffering severe structural deterioration. 
Conclusions
In a previously proposed design for steel beam-column connections for precast concrete frames, there were some spatial conflicts in structural details between vertical column re-bars and column brackets. This paper investigated the solution of disconnecting vertical re-bars to make the structural details constructible. Re-bars connected to steel plates by bolts above and below column steel are discontinued at the joint to provide space for connections between column brackets and beam steels. This strategy provided space for connections at beam-column joints for steel-concrete composite frames, with the trade-off of some reductions in moment resisting capacity. However, this reduction in strength could be minimized or counterbalanced by introducing high-strength steel plate at the joints. In experimental specimens employing this strategy, the loading path was found to be well established, allowing load transfer between the upper rebar, upper plate, steel section at the joint, lower plate, and lower re-bar. Experimental investigations demonstrated that the load resisting capacities decreased only somewhat when a few re-bars were disconnected, but deteriorated more rapidly as additional re-bars were removed: a reduction of only 6% in load resisting capacity was observed for the specimen with 17% discontinuous re-bars, whereas a 54% strength reduction was found for the specimen with 83% discontinuous re-bars. Experiments showed how loads from vertical steel reinforcements that were cut off at the joints were transferred to the steel plate. The test results also demonstrated that the flexural capacities were reduced in specimens with discontinuous vertical re-bars: reductions of 6.0%, 13.7%, and 54.0% were observed for columns with 4 (16.7%), 12 (50.0%), and 20 (83.3%) discontinuous vertical re-bars, respectively. The test results can be used to design vertical reinforcing bars and column joints that can provide space for column brackets to which steel members of beams are connected. The findings in this paper are expected to provide valuable data for research on replacing conventional beam-column joints by extended beam end-plates. 
